Abstract: Three diamines, 1,3-propanediamine (1,3-pd), 2,2-dimethyl-1,3-propanediamine (2,2-diMe-1,3-pd) and (±)-1,3-pentanediamine (1,3-pnd), were used for the synthesis of nickel(II) complexes 1-3, respectively, of the general formula [Ni(L) 2 (H 2 O) 2 ]Cl 2 . The stoichiometries of the complexes were confirmed by elemental microanalysis, and their structures were elucidated by spectroscopic (UV-Vis and IR) and molar conductivity measurements. The complexes 1-3, along with NiCl 2 ·6H 2 O and the diamine ligands, were evaluated against a panel of microbial strains that are associated with skin, wound, urinary tract and nosocomial infections. The obtained results revealed no significant activity of 1-3 against the investigated bacterial strains. On the other hand, they showed good antifungal activity against pathogenic Candida strains, with minimum inhibitory concentration (MIC) values in the range from 15.6 to 62.5 µg mL -1 . The best anti-Candida activity was observed for complex 2 against C. parapsilosis, while the least susceptible to the effect of the complexes was C. krusei. The antiproliferative effect on normal human lung fibroblast cell line MRC-5 was also evaluated in order to determine the therapeutic potential of nickel(II) complexes 1-3. These complexes showed lower negative effects on the viability of the MRC-5 cell line than the clinically used nystatin and comparable selectivity indexes to that of this antifungal drug.
INTRODUCTION
The field of medicinal application of metal-based compounds has attracted widespread attention of researchers over the decades. 1 This broad interest is due 390 DRAŠKOVIĆ et al. to the constant demand of medicinal chemistry for innovation and input of novel metal-based compounds to cope with very important challenges, such as broader spectrum of activity, selectivity, reduced toxicity and emerging resistance. The development of a new therapeutic agent is a multi-stage process involving synthesis, characterization, evaluation of biological activity, and pre-clinical and clinical testing. Considering the fact that this process becomes very expensive in the later stage, it is important to use the best possible models in the identification of those compounds that have the desired biological activity. Furthermore, it was found previously that microorganisms and infections play major roles in carcinogenesis, as well as in antitumor response. 2 Of the 12.7 million new cancer cases that occurred in 2008, around 2 million could be attributed to infections. Bacteremia is a major cause of life-threatening complications in patients with cancer, who are at extremely high risk for infections caused by antibiotic-resistant Gram--negative bacteria. Invasive candidiasis is the fourth most common bloodstream infection (surpassing many bacterial pathogens) with mortality rates remaining disturbingly high at 40 %. 3 More than 17 different Candida species are known to be etiological agents of human infection, however, more than 90 % of invasive infections are caused by C. albicans, C. glabrata, C. parapsilosis and C. krusei. 4 Considering this and in the view of the global problem of multi-drug resistant microbial strains, the search for new antibacterial and antifungal therapeutics is of paramount importance.
Nickel was considered for many years as an element without important biological significance, until its existence in the active center of the enzyme urease was established in 1975. 5, 6 Since then, Ni 2+ was confirmed to be competitive antagonists with both Mg 2+ and Ca 2+ and the presence of nickel was established in the active sites of different metallo-enzymes, and hence, interest for the evaluation of its biological properties has rapidly expanded. 7, 8 It was found that chronic exposure to nickel could be connected with increased risk of lung cancer, cardiovascular disease, neurological deficits, developmental deficits in childhood and high blood pressure. 9 Nickel is also considered as a potential allergen, which may cause contact dermatitis. 10 Nevertheless, a broad spectrum of beneficial biological activities of various nickel(II) complexes has hitherto been reported. Nickel(II) complexes were reported to act as anticonvulsant, 11 antiepileptic, 12 antibacterial, 13 antifungal, 14 antileishmanial, 15 antioxidant 16, 17 and antiproliferative agents. 18 Considering this, in the present study, three diamines, 1,3-propanediamine (1,3-pd), 2,2-dimethyl-1,3-propanediamine (2,2-diMe-1,3-pd) and (±)-1,3-pentanediamine (1,3-pnd) were used for the synthesis of nickel(II) complexes of the general formula [Ni(L) 2 (H 2 O) 2 ]Cl 2 (Scheme 1). Although the synthesis of these complexes was reported previously, [19] [20] [21] [22] their antimicrobial effects have not been investigated. In order to determine the therapeutic potential 391 of these complexes, their antiproliferative effect on the normal human lung fibroblast cell line MRC-5 was also evaluated.
2,2-diMe-1,3-pd (2) and 1,3-pnd (3)).
EXPERIMENTAL

Reagents
Distilled water was demineralized and purified to a resistance of greater than 10 MΩ cm. Nickel(II) chloride hexahydrate, 1,3-propanediamine (1,3-pd), 2,2-dimethyl-1,3-propanediamine (2,2-diMe-1,3-pd) and (±)-1,3-pentanediamine (1,3-pnd) were purchased from Sigma--Aldrich. All the employed chemicals were of analytical reagent grade.
Synthesis of the nickel(II) complexes 1-3
The nickel(II) complexes with the above-mentioned diamine ligands were synthesized by modification of a previously described method. 19 The corresponding diamine (0.02 mol; 1.7 mL of 97 % 1,3-pd, ρ = 0.887 g mL -1 ; 2.4 mL of 99 % 2,2-diMe-1,3-pd, ρ = 0.851 g mL -1 and 2.4 mL of 98 % 1,3-pnd, ρ = 0.855 g mL -1 ) was added slowly under stirring to a solution containing 0.01 mol of NiCl 2 ·6H 2 O (2.38 g) in 10.0 mL of water. The formed nickel(II) hydroxide was removed by filtration and the filtrate was stirred at 40 °C for 15 min, and then left standing at ambient temperature to evaporate slowly to a volume of 3.0 mL. The concentrated solution was then stored in refrigerator and purple crystals of the nickel(II) complexes had formed after two days. These crystals were filtered off and dried at ambient temperature. The yield was 83 % for [Ni(1,3-pd) 2 
Measurements
Elemental microanalyses of the nickel(II) complexes for carbon, hydrogen and nitrogen were performed by the Microanalytical Laboratory, Faculty of Chemistry, University of Belgrade. The IR spectra were recorded as KBr pellets on a Perkin Elmer Spectrum One spectrometer over the wavenumber range 4000-450 cm -1 . The UV-Vis spectra were recorded over the wavelength range of 1100-190 nm on a Shimadzu UV-1800 spectrophotometer after dissolving the corresponding nickel(II) complex in water. The concentration of the nickel(II) complexes was 5×10 -2 M. The molar conductivities were measured at room temperature on a Crison multimeter MM 41 digital conductivity-meter. The concentration of the aqueous solutions of nickel(II) complexes used for conductivity measurements was 1×10 -3 M.
Analytical and spectral data of the synthesized compounds are given in the Supplementary material to this paper.
Determination of the biological activity
Nickel(II) complexes 1-3, NiCl 2 ·6H 2 O and the diamine ligands were dissolved in distilled water to give stock solutions of 50 mg mL -1 , which were used immediately for biological assessment of their activities. The MIC concentrations (concentration value corresponding to the lowest concentration that inhibited the growth after 24 h at 37 °C) were determined according to the standard broth microdilution assays, recommended by the National Committee for Clinical Laboratory Standards (M07-A8) for bacteria and Standards of the European Committee on Antimicrobial Susceptibility Testing (EDef 7.1.). The highest concentration used was 500 µg mL -1 . The test organisms included Pseudomonas aeruginosa PAO1 (NCTC 10332), Staphylococcus aureus (NCTC 6571), Candida albicans (ATCC 10231), C. glabrata (ATCC 2001), C. parapsilosis (ATCC 22019) and C. krusei (ATCC 14243). The inoculums were 10 5 colony-forming units, CFU, per mL for the bacteria and 10 4 CFU mL -1 for the Candida strains.
Cell viability was tested by the 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) assay. 23 The assay was performed using human lung fibroblasts (MRC-5) after 48 h of cell incubation in the media containing the compounds at concentrations ranging from 0.1-500 µg mL -1 . The MRC-5 cell line was maintained in RPMI-1640 medium supplemented with 100 μg mL -1 streptomycin, 100 U mL -1 penicillin and 10 vol.% fetal bovine serum (FBS), all from Sigma, as a monolayer (1×10 4 cells per well) and grown in a humidified atmosphere of 95 % air and 5 % CO 2 at 37 °C. The extent of MTT reduction was measured spectrophotometrically at 540 nm using a Tecan Infinite 200 Pro multiplate reader (Tecan Group, Männedorf, Switzerland), and the cell survival was expressed as percentage of the control (untreated cells).
RESULTS AND DISCUSSION
Synthesis and structural features of the nickel(II) complexes 1-3
Three nickel(II) complexes of the general formula [Ni(L) 2 (H 2 O) 2 ]Cl 2 , where L stands for bidentately coordinated 1,3-pd (1), 2,2-diMe-1,3-pd (2) or 1,3-pnd (3), were prepared in high yields (≈80 %) by reacting NiCl 2 ·6H 2 O with the corresponding diamine in 1:2 mole ratio in water using a modified procedure reported previously. 19 The crystal structures of the [Ni(L) 2 (H 2 O) 2 ] 2+ complexes were previously determined by single-crystal X-ray diffraction analysis. [19] [20] [21] [22] In this study, spectroscopic (UV-Vis and IR) and conductivity measurements were used for structural characterization of the [Ni(L) 2 
The UV-Vis spectra of the investigated complexes 1-3 are presented in Fig.  1 , while the wavelengths of the maximum absorption (λ max / nm) and molar extinction coefficients (ε / M -1 cm -1 ), determined immediately after dissolution of the complexes, are listed in Table I . The shape of the UV-Vis spectra for the investigated complexes was similar to that of the octahedral [Ni(en) 2 24 the interpretation of UV-Vis spectra of the presently investigated complexes 1-3 was realized using an octahedral model (O h ): 3 A 2g → 3 T 2g (F) (band I), 3 A 2g → 3 T 1g (F) (band III) and 3 A 2g → 3 T 1g (P) (band IV). In addition, in each spectrum, there was a shoulder at approximately 735 nm (band II, Table I ), which occurs on the higher-energy side of the spin allowed band I. As was previously found, this shoulder arises from a spin forbidden triplet-to-singlet transition, 3 A 2g → 1 E g (D). 24, 25 As could be seen from Fig. 1 , the absorption maxima of the bands I and III for the investigated nickel(II) complexes were slightly shifted to higher energy in the following order 1 > 3 > 2. Moreover, the molar absorptivity of the absorption maxima for these bands increased in the same order. These differences in the spectra could be attributed to the presence of the substituent in the six-membered 1,3-propanediamine ring of the corresponding nickel(II) complex, i.e., two methyls for 2 and an ethyl for 3. It could be assumed that these substituents affect some changes in the strain of the six-membered 1,3-propandiamine ring. Moreover, all absorption maxima of the investigated complexes 1-3 were shifted to lower energies with respect to those for the [Ni(en) 2 (H 2 O) 2 ] 2+ complex. 24 This shifting results from the presence of a six-membered 1,3-propanediamine ring in 1-3, which is less strained than the five-membered ethylenediamine ring in the [Ni(en) 2 (H 2 O) 2 ] 2+ complex. The IR spectroscopic data for the nickel(II) complexes are listed in the Supplementary material to this paper and are consistent with the structural formula presented in Scheme 1. The IR spectra of these complexes recorded in the range of 4000-450 cm -1 showed the expected peaks attributable to the coordinated diamine and water ligands. Thus, a broad absorption in the 3400-3300 cm -1 region attributed to the stretching vibration of OH confirmed the presence of a coordinated water molecule. 26 Moreover, the complexes exhibited two very strong and sharp bands at approximately 3300 and 3200 cm -1 , which were assigned to the asymmetric and symmetric stretching vibration of the coordinated amino group, respectively. 22 24 
Complex
Absorption Assignments Molar conductivity values for the nickel(II) complexes 1-3, being approximately 250 Ω -1 cm 2 mol -1 (see Supplementary material), are sufficiently high to assess the non-coordinated nature of the two chloride anions, i.e., these values in water solvent are in agreement with 1:2 electrolytic nature of the synthesized complexes. 27 
Biological activity of the nickel(II) complexes 1-3
In vitro antimicrobial activity assays of nickel(II) complexes 1-3, NiCl 2 ·6H 2 O and the corresponding diamine ligands revealed no significant activity against two bacterial strains (P. aeruginosa PAO1 and S. aureus) even at 500 µg mL -1 (data not shown), while MIC values against the pathogenic Candida strains were between 15.6-62.5 µg mL -1 for complexes 1-3 and 250 µg mL -1 for the inorganic salt (Table II ). Therefore, a certain level of selectivity of 1-3 towards fungal strains could be concluded. The best anti-Candida activity was that of complex 2 against C. parapsilosis, while C. krusei was the least susceptible to the effects of the complexes. In contrast, nickel(II) thiohydrazide and thiodiamine complexes exhibited significant activity towards P. aeruginosa and Escherichia coli, and comparable activity against a selection of fungal Aspergillus strains. 28 Antifungal activity of NiCl 2 ·6H 2 O and nickel(II) complexes derived from amino sugars against C. albicans was reported by Yano et al. with MIC values in the 200-250 µM range, which is 2.5-5-fold higher in comparison to the MIC values of 1-3. 29 Furthermore, the complexes from the present study showed better anti-Candida activities in comparison to nickel(II) complexes with pyrazoline-based ligand, which had MIC values ranging from 100 -1000 µg mL -1 . 30 It was shown that certain selectivity against Candida strains by nickel(II) compounds was due to the competitive inhibition of fungal chitinase (chitin-degradation enzyme). 29 In parallel, to determine the applicability of complexes 1-3 as potential antifungals, their in vitro cytotoxicity against healthy human lung fibroblasts was examined (Table II, Fig. 2 ). While the ligands exerted no activity against Candida strains at 500 µg mL -1 , 2,2-diMe-1,3-pd and 1,3-pnd had IC 50 values of 100 and 50 µg mL -1 , respectively. 1,3-Propanediamine was not cytotoxic even at 500 µg mL -1 (Table II) . Accordingly, 2 was the most cytotoxic of the nickel(II) complexes, while 1 and 3 had IC 50 values of 500 µg mL -1 . The inorganic salt NiCl 2 ·6H 2 O had a toxic effect on the cells in a dose-dependent manner (IC 50 value of 100 µg mL -1 ), while the cytotoxicity of 1-3 did not follow this trend (Fig. 2) . This may be due to differing dissociation dynamics of the complexes and different toxicity of the ligands. Thus, the selectivity index for the complexes was between 1.3 and 16, while the antiproliferative effect of the inorganic salt was higher than its antifungal effect (Table II) . Although the MIC values of 1-3 were 8-16-fold higher in comparison to that of the clinically used nystatin, the selectivity indexes were comparable. This finding is encouraging for further development of nickel(II)-based complexes for antifungal treatment. 
CONCLUSIONS
This work presents a modified procedure for the preparation of [Ni(L) 2 (H 2 O) 2 ]Cl 2 complexes 1-3 in high yields. The octahedral geometry of these complexes was confirmed by spectroscopic and conductivity measurements. In vitro antimicrobial activity assays of these complexes showed their good selectivity towards the investigated Candida strains. The best anti-Candida activity was observed for complex 2 against C. parapsilosis, while the least susceptible to the effect of complexes was C. krusei. Moreover, an in vitro cytotoxicity study showed that complex 2 was the most cytotoxic against healthy human lung fibroblasts. This arises from the presence of two methyl substituents in the six-membered 1,3-propanediamine ring of 2, indicating that better antimicrobial and cytotoxic activities of bis(diamine)nickel(II) complexes could be achieved by structural modification of the chelated diamine ligand. The obtained results are encouraging for further development of nickel(II) complexes with diamine ligands as antifungal agents. A study in this sense is in progress.
SUPPLEMENTARY MATERIAL
Analytical and spectral data of the synthesized compounds are available electronically at the pages of the journal website: http://www.shd.org.rs/JSCS/, or from the corresponding author on request.
